An earlier numerical study by the authors [11, aimed at building a foundation for flow analysis of iced airfoils, attempted to define the iced surface as closely as possible to the original geometry in order to make the numerical grid generation and simulation process accurate and efficient.
That study showed that, for similar ice accretion times, an ice formation with a prominent ridge caused the most severe pertormance degradation compared to other ice shapes having only sharp bumps of similar sizes. Based on this information and the flight conditions recorded by the FDR TM, a numerical study was pertormed to determine if the degraded aerodynamics resulting from such an ice contamination could have led to the type of control upset attributed to the accident aircraft.
Approach

Ice Shape Modeling {Ind Grid Generation
The lirst step in the study was the modeling of thc ice shapes obtained in the IRT I41. An ice shape with a ridge on the upper surfacc near thc leading edge and a number of small bumps on the lower surface ( Fig. la & Ib) was obtained in the IRT at the mid-section of a vertically mounted (Fig lc) wing. At the centerline of this 6 foot test model, the airfoil was rou,,hly,_ a NACA 23015 and the chord length was about 68 inches. The icing spray conditions which prcxtuced this ice shape were a median volume diameter (MVD) of 20_m, a total temperature of 26°F, an angle-of-attack of 5°, a liquid water content (LWC) ol 0.Sg/m and a 5 minute spray time.
Among: the ice shapes numerically tested, the prominent leading edge ridged-ice caused the most significant performance degradation. The height of the ridge is less than 1% of the chord (0.0074c). An ice shape of this size would have been hard to see by the pilots in the cockpit. The geometry shown ;n fig. la has several sharp corners and high curvature segmer_.ts. Curve discretization and eventual generation of a quality field grid on this geometry were time consuming. A mathematical model for systematic surface smoothing was presented in reference 1. This approach was implemented in an i_teractive code, TURBO-GRD I51 to generate surface shapes with different smoothing levels. It constructs a smooth curve whose shape is controlled by a piece-wise linear cur,_e formed by selected discretized points. These points are called control points (CPs) as they control the shape of the cur'_'e they construct. A brief summary of this process is presentt.'d here.
I ) The :]igitized ice shape data is first read in and one CP is assigned to each digitized point.
2) A cerve is constructed using these CPs. The discretized data ponts are moved onto the new smoothed curve determined 9y the CPs. The points are then redistributed at equally spaced intervals along the curve. The number of discretized data points on the iced segment is unchanged by this process We will call this a baseline curve or a curve with 100% Control Point Smoothing (CPS).
3) Using this baseline curve as a starting point, the number (or per,:entage) of CPs can be reduced, thus generating curves with various levels of smoothness.
During this process, tht.. shape and the number of points in the un-iced areas do not change.
The current study showed that a 50e_ level of CPS or higher is requi._'ed to adequately represent the ice shapes as measured by having marginal influence (i.e. less than 5% variation) on the resulting lift and drag values. All grid generation was per "ormed using the commercial code GRIDGEN 171.
The 2-[_ grids used in this study for modeling the region around the iced airfoil are composed of two blocks where the inner aad outer blocks have an overlapping interlace betwee_ 0.5c and 0.6c (c=chord) from the airfoil surface.
The inn._r block had a C-type grid with a wake cut downstream c f the trailing edge and a much denser distribution of grid points than the outer block.
Both blocks had downstream t oundary set at 15.0c from the leading edge. ( Fig. 2a and 2b) The C-type grid was also used for the outer block with the farfield boundaries placed at a distance of 15 chord lengths "rom the body surface in all directions. This method of constructing 2-block grids allowed for easier control of Table 2 ).
Another purpose of the second study was to find an appropriate value of y l to be used for 3-D grid generation which would allow efficient and last convergence while not sacrificing accuracy. Throughout this study, the computations were performed until the L2-rcsidual dropped at least 3 to 4 orders of magnitude and the lilt value changed by less than 10-7'
In this second step of the analysis, all aspects of the grid except the value of yl were fixed. Using the wl grid as a baseline, the y l value was either decreased or increased to investigate the effect on the lift, Figure 4 and Table 5 show that the increase ofyl from 2.0 x 10 -6 to 5.(} X 10 -6 resulted in 0.27 -1.36% change in the lilt value below 9 degree AOA but resulted in a 4.539_: increase at I I degree AOA.
In the case of decreased yl (w3 grid), a similar trend was noted except thai it resulted in a reduction of the lilt by 0.29 -2.16% up to an AOA of 9 degrees and a drop of 6.91% at I 1 degree AOA. An investigation of the v+ values showed that the average value of v+ was approximately 2.7 for the w2 grid, 1.0 for the w l grid and less than 1.0 for the w3 grid respectively. This result shows that the AOA for the maximum lift was predicted for all three grids as 9 degrees and that some difference existed in the computations at the 11 degree AOA. From this study, it was decided to use a y l of 2.0 x 10_ tbr the 2-D studies.
For the 3-D study, a y I of 5.0
x I0 -6 was used for the grid generation to minimize CPU time.
To draw the final conclusion on the choice of proper grid resolution, a stream-wise (circumferential) direction grid sensitivity test was perlbrmed using the three grids listed in table 3. In this case, only the stream-wise point density was changed to determine its effect on the aerodynamic performance parameters.
As Fig. 5 and table 6 show clearly, there was less than a 1%: change in the lift values regardless of the resolution.
Changes in the drag were less than I% except at the higher AOAs for the s3n2 grid (I.58% maximum). From this test, AIAA 99 -0375
we decided to use the dimension of 350 x 50 with the y l value of 2.0 x 10 -°as the base line.
2-dimensional zrids used for the ai_oil with ridged-ice and aileron de ltection
According to the FDR, at the time of the NASA-defined control upset, the left aileron defection was 2.56 degrees down and the right aileron deflection was 2.74 degrees up. This configuration was intended for a right banking movement.
The approximate angle-of-attack and Reynolds number were 7.8 degrees and 10 million (based on the chord) respectively.
Another greater aileron deflection that occurred after the defined control upset was 7.94 degrees aileron down on the left wing (LW) and 8.26 degrees up on the right wing (RW).
Four grids for the airfoil with ridged-ice accretion, reflecting these four different angles of aileron deflection, were generated using the guidelines developed from the grid sensitivity tests. More grid points were used near the aileron in the stream-wise direction over the grids used in the sensitivity study. Another set of four grids for airfoils without ice but having the same aileron deflection angles were also generated |or comparison to the iced airfoils.
3-dimensional erid generation
An IGES-type surface data of the turbo-prop aircraft is pictured in a shaded mode in Fig 6a. The geometry data was obtained from the manufacturer and some assumptions were made to generate the grids for both iced and un-iced wings.
A number of assumptions are worth noting: First, the available data did not have information about the wing tip geometry. Figure 11 shows the turbulent viscosity contour at the 9 degree AOA.
Discussion of Results
2-D_o_ analysis
Ailerml deflection # 2 (down Z94 LW, up 8.26 RW)
A higher angle aileron input was applied to attempt to bank to the right after the defined control upset. This condition was also simulated using the 2-D Navier-Stokes analysis procedure (Fig 12 -15b ). Unlike the above lower angle setting, the cross-over of lift was not observed, but, a considerable decrease of the lift differential was predicted (Fig 14a   and 15a ). As it occurred with setting #1, shedding of the ice from the RW would have still caused the lift reversal, at a slightly higher AOA of 10 degrees. Fig 16a) , the 3-D calculation showed little difference between the clean and the iced wings (Fig 16b) . (Fig 19a & 19b) , Mach contour ( Fig 20a) and velocity profile (Fig 20b) . The rake profile at 15 degrees AOA (Fig 21 ) shows In the case of 3-D analysis, the trailing edge separation was observed to start near the maximum lift point. The 3-D results also showed that the maximum lift occurred 4 degrees later than the 2-D case. More work is needed in 3-D ice shape modeling and in grid refinement to understand the differences between the 2-D and 3-D results. 
